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Abstract 
The focus of the present study is on the transient modeling of components in a solar system, controls, and heating and 
cooling loads. The system consists of solar flat plates and a thermal storage tank, which could provide a portion of 
heating requirements of a social enterprise building located in Winnipeg, Manitoba, Canada. This solar system and a 
natural gas hot water heater may replace the low efficiency boiler that supplies low quality steam for heat throughout 
the building using radiators. Results of the simulation performed in Simulink supports the proper selection of solar 
system components and controls that will be optimized for the climatic attributes of Winnipeg. 
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1. Introduction 
Due to energy drivers that include uncertainty in oil prices and environmental concerns, effective 
management of energy systems is a priority. Energy policy can focus on three areas to improve energy 
systems—summarized as RED: Renewable energy supply, Efficiency improvements, and Demand 
reductions.  
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Nomenclature 
Ac coil surface area (m2)  
Acol collector surface area (m2) 
As storage tank surface area (m2) 
cc  heat capacity of fluid in the coil (J/kg.K) 
ccol  heat capacity of collector heat transfer fluid (J/kg.K) 
cs heat capacity of fluid in the storage tank (J/kg.K) 
Fr( ) parameter used to characterize the collector optical efficiency (dimensionless) 
FrUL parameter used to characterize the collectors thermal losses (W/m2.K) 
I irradiance on the plate unit area of the collector (W/m2) 
cm  coil flow rate (kg/s) 
colm  collector flow rate (kg/s) 
sm  storage flow rate (kg/s) 
Qf heat absorbed by the fluid (W) 
Ql heat loss of the collector (W) 
Qs solar energy absorbed by the absorber plate (W) 
Ta ambient temperature (°C) 
Tav average fluid temperature in the collector (°C) 
Tc inlet temperature of the coil (°C) 
Tcol outlet temperature of the collector (°C) 
Td temperature of the supplied water in the storage tank (°C) 
Tin inlet temperature of the collector (°C) 
Tr temperature of the HTF which returns from the storage to the collectors (°C) 
Ts temperature of the water in the storage tank (°C) 
Uc  overall heat transfer coefficient of the coil (W/m2.K) 
Us  overall heat transfer coefficient of the storage tank (W/m2.K) 
Vcol volume of fluid passage in the collector (m3) 
Vs volume of storage tank (m3) 
 absorbance of the plate of the collector 
c  density of the fluid in the coil (kg/m
3) 
col  density of the heat transfer fluid in collector (kg/m
3) 
 transmittance of the collector cover 
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New Renewable energy supply allows achieving long-term sustainability by limiting the impact on 
future generations. Efficiency improvement refers to increasing the efficiency of energy conversion 
equipment, which results in less primary energy use during energy generation and delivery procedures [1]. 
Demand energy reduction requires a social behavior change. Renewable energy generated from 
regenerative energy sources such as hydro, solar, wind, geothermal and biomass remains a prime objective 
in the RED policy. There has been substantial growth in interest in renewable energy during the last 
decade [2] to reduce our reliance on fossil fuels and limit greenhouse gases emissions that leads to climate 
change. Canada has also made efforts to promote the development of renewable energy technologies and 
energy efficient systems since 1970s. This endeavor resulted in almost 13% (833.3 PJ) energy efficiency 
improvement from 1990 to 2003, saving $13.4 billion in 2003 and 52.3 megatons GHG reduction which is 
a significant outcome [3]. Availability of a wide variety of renewable resources, such as large reserves of 
biomass, solar and wind, provides significant potential to improve the sustainability of our energy uses. 
Canada presently uses only 16% of its energy from renewable sources: significant potential exists in 
applying RED to increase that number well beyond 16%. 
As buildings represent 40% of our energy use in Canada, rooftop solar energy systems for heating and 
cooling can increase the amount of renewable energy use. A model implemented in Simulink, models 
solar flat plate collectors and a thermal storage tank to provide a portion of the required heat load for a 
social enterprise building located in Winnipeg, Manitoba, Canada. Fig. 1 shows a schematic of the 
proposed system.  This system could replace an outdated boiler that presently supplies low quality steam 
throughout the building, and provide cooling in summer. 
Solar flat plate collectors consist of vertical or horizontal tubes. These tubes are heated by the sun and 
transfer the thermal energy gained to the heat transfer fluid (HTF), such as a Glycol solution, which is 
circulated through collectors by a pump.  The hot Glycol heats up the water in a thermal storage tank and 
the hot water is then circulated through a water radiant heating system. The hot water tank contains a heat 
exchange coil to transfer heat from the HTF to the building circulating water [5]. Utilizing solar energy 
for heating (and cooling) applications in cold climates, such as Winnipeg, requires determining the 
optimal size of solar system components and an optimal controller. The role of the controller does not 
have to be limited to turn on the pump of the HTF to obtain a set temperature from the collectors [6]. To 
maximize the displacement of fossil fuels for a given total ownership cost, an optimized controller needs 
to minimize heat transfer losses, important during cold weather, reduce parasitic power, and maximize the 
solar fraction used year round. An optimized controller and system components could lead to a better 
acceptance of solar energy by building contractors, utilities, and building owners. To achieve this 
objective, a transient model is being developed using the Simulink platform includes system components, 
a smart controller with forecasting abilities, and a mathematical tool for optimization based on two 
variables: cost and fossil fuel displacement.  
 
 
Fig. 1. Schematic of the proposed solar building heating system 
Thermal 
storage 
Water 
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Variable speed pump Mixer
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Fig. 2. Simulink model 
The same smart controller is required during both sizing of the solar components and system operation. 
Fig. 2 presents the model developed in Simulink. 
The main purpose of the simulation and optimization is to maximize the return on investment by 
reducing heat transfer losses, charging and discharging the storage tank to minimize the natural gas 
consumption, and reducing the power consumption by the pumps. Moreover, summer heat can be applied 
for cooling or long-term storage to be used during the heating season and the simulation optimizes the 
controller strategy for heat dump to prevent damage to the solar collectors. As cost competitiveness is a 
key barrier for solar technology due to current low natural gas prices, this suggests that today, solar 
thermal technology may not seem to be a competitive solution. Nonetheless, it can become a viable 
alternative when natural gas price increases again, in communities where natural gas is not available and 
other fuels need to be transported into these communities, or for communities that want to increase their 
renewable energy use well beyond the low Canadian average of 16%. 
South of Regina has the highest mean daily global insolation in Canada at 5.0 to 5.8 kWh/m2. This 
amount for the southern part of the country is at slightly lower mean daily levels of 4.2 to 5.0 kWh/m2, 
while northern half receives 3.3 to 4.2 kW/m2 [4]. This solar resource can be utilised for power generation 
using solar photovoltaic and heat engines, and for solar thermal to supply heat and cooling as in the 
current study. 
2. Solar collector and storage tank 
The proposed solar system consists of 172 collectors as this is the maximum available space on the 
roof and above windows facing south. The total aperture area of the collectors is 462 m2 and a 90% 
Glycol solution is used as the HTF which has a boiling point of 140oC at atmospheric pressure. The 
efficiency of each collector can be approximated by the following equation as supplied by the 
manufacturer [7]: 
I
TTUFF aavLrr
)()(                        (1)
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The solar collectors and the boiler in Fig. 1 are located in series and the smart controller can bypass 
each of these components. The hot water storage tank volume is limited by the available space in the 
building to 80 m3 and the maximum temperature of the storage tank is 90°C. The energy balance of each 
solar collector is, 
fls
col
colcolcol QQQdt
dTVc                                                                                               (2) 
The absorbed solar energy Qs, heat loss from the collector Ql and the heat absorbed by the fluid Qf  are, 
)(rcols FIAQ                        (3) 
)( aavcolLrl TTAUFQ                        (4) 
)( incolcolcolf TTcmQ                        (5) 
The average fluid temperature in each individual collector is used to calculate the heat loss, 
2
colin
av
TTT                        (6) 
Thermal storage tank contains a heat exchanger coil through which the hot Glycol flows and heats up 
the water in the tank. The energy balance equations for the storage tank are,  
)()()( asssrcccsdssssss TTAUTTcmTTcmdt
dTVc                       (7) 
s
cmAU
scr TeTTT cccc
)/()(                        (8) 
where col = c, ccol = cc, Tcol = Tc and col = c. 
A variable speed pump controls the HTF flow rate in order to set the desired outlet temperature of the 
Glycol at the required optimal temperature.  
3. Results 
3.1. Storage tank charging mode 
As the first step of the simulation, the absorbed heat by the HTF is used to only charge the thermal 
storage tank. At this phase, the hot water in the storage tank is not being used for any process. Fig. 3 and 
Fig. 4 present the collector and storage tank temperatures during a winter and summer month (February 
and July). The input meteorological data are associated with year 2001 which has the least missing data 
points.  
In the month of February it takes almost 15 days for the storage tank to reach 60°C; the required time 
to reach the same temperature is 4 days in July. Moreover, in July the storage tank reaches the set 
temperature of 90°C in 6 days. Fig. 3 additionally compares the storage temperature when the outlet 
collector temperature is set to 120°C versus when the collector outlet temperature is set to 30°C above the 
storage temperature, or Ts+30°C. The latter control approach results in higher storage temperatures at a 
given time as it minimizes heat losses from the collector, especially important in winter months. 
The monthly averaged heat generation of solar energy is calculated using the Simulink model and 
RETScreen [7]. Fig. 5 illustrates the comparison of the outputs of the RETScreen lumped heat model and 
the Simulink transient simulation. The building heat load is also shown in the figure. The discrepancy 
between the results of Simulink and RETScreen is attributed to: 
 RETScreen uses the average monthly meteorological solar radiation and temperature data over 
multiple years while the Simulink model calculations are based on hourly meteorological data. 
 RETScreen uses T = (Tin - Ta) for heat loss estimation while the current model computes the heat 
loss using T = (Tav - Ta). The latter predicts heat losses more accurately—RETScreen over predicts 
the solar gains and therefore is not conservative in its predictions. 
 
691 Faezeh Mosallat et al. /  Procedia Computer Science  19 ( 2013 )  686 – 693 
 
Fig. 3. Collector outlet and storage tank temperature in February with different control approaches for the solar 
collector outlet temperature: (a) fixed at 120°C, and (b) floating at 30°C above the storage tank temperature 
 
Fig. 4. Solar collector outlet and storage tank temperature in July 
 
Fig. 5. Monthly building heat load and solar energy delivered to the building as calculated by the lumped heat model 
and the transient simulation for 2001 
3.2. Storage tank charging and discharging mode 
In the proposed configuration, the thermal storage tank is in a loop which can be charged by the solar 
collectors and discharged by the water flow which is circulated through the radiant heating system of the 
building. A natural gas water heater is located in series with the solar storage to supply additional heat.  
Fig. 6 shows the supplied heat by the solar storage tank and the natural gas heater in February. The 
controller requires the storage tank to be at 60oC before solar heat can be utilized by the building. 
Storage 
Collector 
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Fig. 6. Heat supplied by the solar storage tank and the natural gas water heater in February 
Because the storage temperature needs to be at 60°C before it can be used to heat the building, the 
natural gas water heater needs to be turned on every day before Feb 16th; after that day, the natural gas 
boiler is required to operate almost every second day. The room temperature of the first floor is illustrated 
in Fig. 7. The set temperature is 18°C during the occupation time from 7:00 to 19:00 and 15°C during 
night. 
 
 
 
Fig. 7. First floor temperature of the building in the month of February 
Table 1 compares the heat supply from the solar system and the natural gas water heater for months of 
February and March. The solar storage tank provides 18% of the building heat load in February while this 
amount is increased to 38% during March. 
The portion of solar energy can be improved using a smart controller along with an optimization 
algorithm to minimize the natural gas consumption. In addition, the solar system can be controlled to 
reduce the electricity consumption. The algorithm is under development. 
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Table 1. Contribution of solar energy to the building heat load 
 Heat generation (kWh/month)  
Month Natural gas water heater Solar storage tank Solar energy contribution (%) 
February 13,595 3,076 18 
March 8,323 5,206 38 
4. Conclusion 
A solar flat panel collector system is modeled to charge a thermal storage tank for heating applications 
of a social enterprise building in Winnipeg, Canada. The model is developed in MATLAB and Simulink. 
The input meteorological data is on an hourly basis. The storage charging time is compared for two 
months in winter and summer. Moreover the storage temperature is modeled using two control 
approaches: the collector outlet temperature is set to 120°C, and the collector outlet temperature is set to 
30°C above the storage temperature. The results of monthly averaged solar heat generation calculation 
using the Simulink model and RETScreen are compared. 
A comparison of solar system contribution for two months of February as a cold month with slightly 
low insolation and March as a slightly cold month with high insolation shows an increase of almost two 
times for the latter month. 
In remote communities where natural gas is not available, other fuels such as diesel should be 
transported with much higher prices. Application of renewable energy technologies in such communities 
can reduce the fuel transportation costs and as the fossil fuel prices grow in future years, solar systems can 
become a cost competitive solution for energy production. 
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